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ABSTRACT 
 
Surveying and imaging speed of a radio telescope depends on the number of beams creating the field of view and their 
position with respect to each other. Furthermore high quality observations require efficient reflector illumination, low-
noise temperature of the receiver, wide bandwidth and long integration time. Traditional radio telescopes use either 
single dipole or horn antennas as feed systems and in some cases multiple feeds consisting of these elements. Where in 
the case of multiple horns a continuous field of view cannot be created or the frequency bandwidth is limited. 
 
This paper describes the first results of applying a dense antenna array with a large number of elements, used as a focal 
plane array. By collecting and manipulating the entire electric field in the focal plane the possibility of simultaneously 
improvement of the illumination of the dish and the generation of multiple beams is created. Beams are synthesized 
electronically and can therefore be dynamically controlled, improving bandwidth and allowing steering of the beam. 
 
The focal plane array concept is of great interest for existing radio telescopes. It will improve the instruments with a 
multi-“pixel” capability similar to the optical telescopes, using the CCD pixel as the equivalent of an antenna beam. 
Besides existing telescopes, future system such as the Square Kilometre Array (SKA) [1] will benefit from focal plane 
arrays.  
 
INTRODUCTION 
 
Focal Plane Arrays (FPA) as described in this paper can be distinguish from traditional horn focal plane arrays by the 
fact that the antenna beam is composed out of the signals of many antenna elements, where each element is given a 
specific weight in phase and amplitude before it is summed with the others. Since the weighting factors can be 
electronically controlled a versatile feed can be build, so that the FPA feed characteristics can be changed to 
accommodate different frequencies, a changing Radio Frequency Interference environment or even to accommodate a 
change in the physical shape of the reflector (e.g. sag due to gravity). The (phased) focal plane array concept is 
applicable to existing telescopes, typically in the size of 25 to 100 metre diameter and can enhance capabilities of these 
significantly. Future telescopes, under study for the Square Kilometre Array, can benefit as well ranging in dimensions 
from 12 – 300 metre diameter. An important parameter meter in the design of FPAs is focus distance divided by the 
reflector diameter (F/D). Large F/Ds, or dual reflector systems, require a much narrower beam compared to deep dishes. 
This paper will concentrate on the FPA application for deep dishes with F/Ds in the range of 0.35 – 0.45. 
 
ASTRON started the work on Focal Plane Arrays within the FP-5 EC project FARADAY. The majority of the partners 
in this European project concentrated on multiple horn designs. Seeing the potential capabilities of the phased focal 
plane array, ASTRON decided to pursue the more advanced concept. The outcome of the ASTRON subproject of 
Faraday proved to be very successful even though it could not demonstrate a very low system noise figure due to 
limitations in physical temperature and the use of standard components. 
 
The success of the first focal plane array realization stimulated a larger community to participate in this research. An 
Integrated Research Activity has been set up as part of RadioNet, an EU financed Framework-6 Project: Phased Arrays 
for Reflector Observing Systems (PHAROS). The partners in PHAROS are Jodrell Bank Observatory (JBO), University 
of Birmingham, Istituto di Radioastronomia (INAF), Microwave Engineering Centre for Space Applications (MECSA), 
Nicolaus Copernicus University (TCfA, Commenwealth Science and Industrial Research Organization (CSIRO) and 
Netherlands Foundation for Research in Astronomy (ASTRON). This project will realise a focal plane array with low 
noise amplifiers at 20Kelvin  
 
 



CONCEPT 
 
With the realization of the phased focal plane array principle several trade-offs have to be faced. The full electronic feed 
system where parameters are set for a given observation requirement generates constraints at the same time. The system 
has to be calibrated; beam shapes are not fixed mechanically. Forming the beams can be done in several ways: a) In the 
RF domain with power combiners, analogue phase-shifters and amplitude control, b) In the digital domain with where 
weights can be applied by digital multiplication, c) A combination of analogue and digital. RF analogue beamforming 
has some practical advantages over digital beamforming in that prototyping is relatively straight forward and the 
replacement of an existing feeds system can accommodated easily. Full digital beamforming [2] requires the 
digitization of each antenna signal; a 128 element array with 8 bits Analogue to Digital Conversion and 500MHz 
bandwidth results in an output data stream of 1 Tera bits / sec. Processing of this data stream to form say 25 beams can 
be done in the telescope’s front-end, where aspects such as self generated interference, size and power consumption 
have to be dealt with.  
 
Though the exploration of the FPA technology can be of use for many radio telescopes, different systems obviously 
require a different realization. In table 1 a list of key aspects are given for FPA systems on three existing telescopes. 
The SRT is currently being built. The xNTD is planned as part of the Australian efforts for SKA. The larger diameter 
telescopes concentrate on wide band operation at higher frequencies with a limited number of beams. Steerable beams 
are of interest for Very Large Baseline Interferometry (VLBI). One beam can be used to point at a “phase-reference” 
source, calibrating the VLBI observation. The smaller diameter arrays show an interest in more beams at lower 
frequencies with smaller bandwidths [3]. Analogue beamforming will be investigated for the larger dishes, where as the 
quest for a large number beams will require digital beamforming [4]. 
 
Table 1. Straw man concepts 
Institute Telescope Reflector 

diameter 
Freq 
(GHz) 

Bandwidth 
(GHz) 

Steer able  
Beams 

Nr. 
beams 

JBO Lovell  70 m 4-8 2 Yes 3-9 
INAF Sardenie Radio Telescope (SRT) 64 m 4-8 2 Yes 2 
CSIRO Parks 70  m 4-8 2 No 3-8 (64) 
ASTRON Westerbork Synthesis Array 14 x 25 m 0.6-1.7 0.3 No 25-64 
CSIRO xNTD (SKA demonstrator) 20 x 15 m 0.8-1.7 0.4 No 20-50 
 
 
Radio Telescope sensitivity is expressed in terms of Aeff/ Tsys, with Aeff the effective receiving area of the system and 
Tsys the system temperature of the telescope. The effective receiving area Aeff is determined by the geometry of the 
reflective dish and by the antenna efficiencies [5]. The aperture efficiency for reflector antennas can be expressed with: 
 

ηA = ηsp ηT ηPh ηPol ηb,         (1) 
 
Where ηsp is the spillover efficiency, determined by the fraction of the total power that is radiated by the feed, 
intercepted and collimated by the reflecting surface; ηT is the taper efficiency, related to the uniformity of the amplitude 
distribution of the feed pattern over the surface of the reflector, ηPh  is the phase efficiency, related to the uniformity of 
the phase distribution of the feed pattern over the surface of the reflector, ηPol  is the polarization efficiency and ηb  is 
the blockage efficiency. The efficiencies are related to the reflector geometry and the far-field pattern properties of the 
feed. Not all parameters can be controlled and optimized with the FPA system.  ηsp, ηT and ηPh can be controlled, ηPol 
will be influenced by the FPA antenna and ηb might slightly degraded.  
 
PROTOTYPE DESIGN AND RESULTS 
 
The FPA antenna element requires a broad bandwidth and close packing should be possible. The frequency range above 
a λ/2 antenna pitch cannot be used due to the requirement of a sufficient coarse sampling of the electromagnetic fields 
in the focal plane. An available antenna element is the Vivaldi or tapered slot antenna, in principle capable of a 7:1 or 
even a 10:1 frequency range, however limited to approximately 3:1 in the FPA application (pitch and wide angle 
beam)[6]. A dual polarized 8x9 element Vivaldi antenna array has been used (fig. 1) for the FPA demonstration. Beams 
are synthesised using a analogue beamformer that combines 3x3+4, a total of 13, elements in three rings. The required 
number of array elements, arrangement and the optimal excitation coefficients (weights) are determined with the 
Conjugate Field Matching method. This focal plane array has been evaluated on a 25 metre diameter dish of the 



Westerbork Telescope Array. Holographic evaluation techniques have been used to determine the illumination in 
amplitude and phase achieved with the focal plane array [7]. Although this project demonstrated the principle benefits 
of a focal plane array, the experimental array was not realized with cooled low noise amplifiers and therefore could not 
demonstrate a low system temperature as compared to systems currently in use.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Vivaldi antenna array, left front, right backside with beamformer network mounted 
 

 
Fig. 2 Measured antenna patterns of, left graph horn antenna, right graph 3 ring focal plane array 

 
Fig. 2 gives the antenna patterns of a 6-cm coaxial waveguide horn antenna and the FPA respectively. The FPA does 
not improve the illumination significantly, both (ηT x ηPh) are around 70%. Though the FPA realizes an improvement in 
the spill-over from 95% (horn antenna) to 98% and as a result Aeff. Moreover, the improvement of 3% reduces the noise 
received from the ground from 19 Kelvin to 7 Kelvin, a reduction of over 50%. Depending on the other components 
that make up Tsys, an improvement of at least 30% in Tsys is feasible. 
 
GENERIC FEED DESIGN 
 
In order to achieve a low system temperature in the frequency range 4-8GHz cryogenic cooling is applied in radio 
astronomy systems. The large number of Low Noise Amplifiers for FPA systems brings a constraint in the cryostat 
design in terms of power consumption and thermal leakage. The latter can be solved partially when also the antennas 
are placed into the cryostat, avoiding many cables entering the cooled area. Placing the antenna in the cryostat requires 
a careful design of the window in terms of losses and blockage. Clearly the “lab model” first demonstrator in fig. 1 
cannot be cooled to cryogenic temperatures. Furthermore, expanding the discrete vector modulator on Printed Circuit 
Boards based analogue beamformer to a multi beam system cannot be realised easily. In particular since off-centered 
beams are not fully symmetric and require slightly modified weighting coefficients even within rings; calling for more 
phase and amplitude control possibilities. Monolithic Microwave Integrated Circuits (MMIC) have therefore been 
developed to realise the size reduction. In fig. 3 a micro photograph is given of the Phase-shifter and the amplitude 
control MMICs, both processed in PsHEMT technology from OMMIC. The realized phase-shifter is a 6 bit design, 
allowing a 6 degree setting resolution. The controllable attenuator is a 6 bit design, allowing a 0.5dB resolution and a 
total range of 30dB.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Schematic of the PHAROS beamformer (left), microphotograph of the realized phase-shifter 
 

In fig. 3 the schematic is given of the PHAROS beamformer. The system will generate 4 beams (Fields of View), using 
the signals of 24 antennas and LNAs, in such a way that for each beam 13 antenna signals are used. A total of 52 phase-
shifters and controllable attenuators will be required.  
 
The calibration of the PHAROS system requires special attention due to the large number of setting possibilities. Since 
all elements are relative to each other, a calibration source in dish is considered as a reference for quick correction. A 
full (holographic) characterization calls for a far field source, astronomical or terrestrial.   
 
The PHAROS system will be build such that the cryostat with the FPA antenna will generate an output signal that can 
be fed in existing front-ends. Test with this system are foreseen at the WSRT, Parks, Lovell and SRT telescopes. 
 
CONCLUSIONS 
 
A first Focal Plane Array demonstrator has been presented with very good results in terms of single beam capability and 
illumination performance. A reduction of spill-over noise of more then 50% has been achieved. Plans have been laid out 
for full performance demonstrator. The work gives a strong indication that the phased focal plane array technology is of 
great importance for the radio astronomy instrumentation since significant improvements can be realized. 
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